The patterns of morphological variation and distribution of the rare Central European endemic Spergularia echinosperma were investigated. Morphometric analyses revealed the existence of two distinct morphotypes differing each other mainly in seed color, which is either brown or black. Other differences are in density of the seed surface papillae, height and shape of the papillae, seed width, pedicel/capsule and internode/leaf ratios, and leaf length. A geographic separation of the morphotypes also exists. The black-seeded morphotype occurred nearly exclusively in drained fishponds in the south-western part of the Czech Republic, the brown-seeded morphotype was found in drained fishponds in the eastern part of the Czech Republic and in alluvial pools and river deposits of the Elbe River (Germany). We hypothesize that the black-seeded morphotype may have been indigenous in former natural lakes which were widespread in the SW-Czech Republic and they were frequently transformed into fishponds. The brown-seeded morphotype may have its origin in river alluvia of the Elbe (Germany) and possibly also of other rivers in the Czech Republic. Since the two morphotypes are morphologically and geographically well separated, we propose to describe the brown-seeded morphotype as a new subspecies for science, S. echinosperma subsp. albensis subsp. nov.
Introduction
Vascular plants, which are endemic to Central Europe outside high mountains, are few. Among them is Spergularia echinosperma (Čelakovský 1881: 867) Ascherson & Graebner (1893: 517) (see e.g., Čelakovský 1881 , Friedrich 1979 , Dvořák 1990 ) which is a species confined to the threatened vegetation of annual wetland herbs bound to exposed bottoms of freshwater reservoirs (phytosociological class Isoëto-Nano-Juncetea Br.-Bl. et Tüxen ex Br.-Bl. et al. 1952) . S. echinosperma has two main centers of distribution: Germany where it grows in alluvial pools and river banks along the Elbe (Friedrich 1979 , Jäger 2011 , Brück et al. 2012 , and the Czech Republic where it grows exclusively in secondary habitats, especially drained fishponds (Friedrich 1979 , Dvořák 1990 , Kaplan et al. 2016 . It also marginally occurs in Austria (Fischer et al. 2008) , and Slovakia (Dvořák 1979 , Goliašová 2012 .
Spergularia echinosperma has been long considered a taxonomically critical species (Jage 1974 , Dvořák 1990 , Suda et al. 2007 due to its morphological similarity to a widespread congener S. rubra (Linnaeus 1753: 423) Presl & Presl (1819: 94) , and the two species were frequently confused. Recent studies by Kúr et al. (2012 Kúr et al. ( , 2016 demonstrated that although an interspecific hybrid between S. echinosperma and S. rubra exists [it is named S. kurkae Dvořák (1989: 320) ], it is a stable hybrid species reproductively isolated from the parents. It was also showed that all the three species are morphologically well delimited.
The main morphological characters discriminating S. echinosperma from the other species refer to the seeds (Kúr et al. 2012) . However, there has been contradictory information in the literature as for the actual values of some seed characters in S. echinosperma. The most conspicuous is the difference in the indicated seed color. Czech authors describe S. echinosperma as displaying black seeds (Dostál 1989 , Dvořák 1990 , Kúr et al. 2012 , including the 14 quantitative and 7 derived ratio characters were measured ( Table 2) . Seed color was used as an ordinary variable. All the individuals could be unambiguously classified into two groups, one possessing black and the other brown seeds (Fig. 1) . Special caution was given to evaluating well-developed seeds only.
The data were processed by multivariate statistical analyses. Quantitative characters that deviated most from a normal distribution in each of the pre-defined groups were log-transformed to improve normality ( Table 2) . Principal component analysis (PCA) was used to visualize the overall pattern of morphological variation in the data (CANOCO 5; Šmilauer & Lepš 2014) . To find out which characters significantly separated the seed color groups, canonical discriminant analysis (CDA) was applied. The significance of individual characters was tested using both marginal effects (i.e., when a character is alone in the model) and unique contributions of the characters (i.e., the addition of each character into the model with all other characters) (Koutecký 2015) . Forward selection of characters was employed to detect the combination of characters most contributing to the separation of the groups. The threshold significance level was set to α = 0.05 and a Monte-Carlo permutation test (1000 permutations) used. The predictive ability of the selected characters was tested by classificatory discriminant analysis based on the posterior group membership probabilities and cross-validation using whole populations as leave-out units. The percentage of misclassified samples in each group served as a measure of the predictive ability. The discriminant analyses were computed using the MorphoTools scripts (Koutecký 2015 ) in R 3.2.3 (R Development Core Team 2015 .
We also reanalyzed the data by classification trees that create a hierarchical classification based on univariate splits that can then be visualized as an easily interpretable tree diagram (Breiman et al. 1984) . The function rpart (package rpart) in R 3.2.3 (R Development Core Team 2015) was used. The minimum split parameter (minsplit) was set to 1 and the initial complexity parameter (cp) to 0.001. A cross-validation using the populations as the leave-out subsamples was used to assess the optimal tree complexity, instead of random subsamples as implemented in the original method (Venables & Ripley 2002) . The resulting tree was selected on the basis of the 1-SE rule (Venables & Ripley 2002) . 
Results
By using all 21 morphological characters, PCA did not produce any clear and distinct clusters of plants. However, the black-seeded and brown-seeded plants separated slightly along the second ordination axis (Fig. 2) . On the contrary, CDA highlighted some characters which significantly separate the groups (Table 3 ). The 7 best predictors were mainly seed characters (papillae density, papilla head/neck ratio, papilla height, seed width) plus other characters referred to the vegetative parts (i.e. pedicel/capsule length ratio, stipule width, and internode/leaf length ratio). The predictive ability of the selected characters was 84% of correctly classified samples (Fig. 3 , Table 4 ). The final classification tree selected had 3 terminal nodes (complexity parameter cp = 0.1). It confirmed the high discrimination power of pedicel/capsule length ratio. The second character selected was leaf length, contrary to the CDA forward selection (Fig. 4) . The overall predictive power of this model was lower with 65% of correctly classified samples (Table 4) .
The revision of herbarium specimens showed that the black-seeded morphotype is, with two exceptions, restricted to the southwestern part of the Czech Republic (especially the South Bohemian fishpond basins). The exceptions were one locality in Germany (Rathenow) and one locality in the eastern part of the Czech Republic (Kadolecký fishpond near Křižanov). The brown-seeded morphotype, on the other hand, occurs in the eastern part of the Czech Republic (especially in the Bohemian-Moravian Highlands) and Germany (along the Elbe) only (Fig. 5) .
Four distinct types of habitats were found: fishponds, river reservoirs, alluvial pools, and river banks (Table 5) . Nearly all localities from the Czech Republic came from drained fishponds. An exception was one population from an exposed margin of a river reservoir. In Germany, S. echinosperma occurred nearly exclusively in alluvial pools or river banks along the Elbe River. An exception was the only German locality of black-seeded S. echinosperma which was located in the vicinity of the river Havel, ca. 20 km off the Elbe. The type of habitat was unfortunately not specified on the herbarium label. 
Discussion
We confirmed that the observed differences in seed color in Spergularia echinosperma are related with the differences in some other morphological characters. Most of them are related to seed morphology, but there are also some welldiscriminating vegetative characters. Even if the determination of the morphotypes without the information about the seed color is not fully reliable, their morphological separation seems to be well supported.
The morphotypes display also a clearly vicariant distribution. The occurrence of brown-seeded S. echinosperma in Germany is in accordance with the descriptions of this species by German authors (Jage 1974 , Friedrich 1979 . From the Czech Republic, however, only the black-seeded morphotype has been reported so far (Dostál 1989 , Dvořák 1990 , Kúr 2012 .
We can now only speculate about the origin and migration history of the different lineages of S. echinosperma. The black-seeded morphotype may have its origin in natural lakes which existed in South and South-West Bohemia and were frequently transformed into fishponds during the Middle Ages and the Early Modern Age (Chvojka et al. 2010 , Pokorný 2015 . The brown-seeded morphotype, on the other hand, may be indigenous to periodically exposed substrates in river alluvia. This is easily conceivable in the case of the Elbe where the species still grows in this type of habitats. The same may hold true for the populations of brown-seeded S. echinosperma in the eastern part of the Czech Republic. In the latter region, natural lakes were not common (Chlupáč et al. 2002 , Břízová 2009 ), and alluvial pools seems to be a more probable primary habitat for S. echinosperma. Periodically exposed alluvial pools still occur in this region (especially along the Morava River), but they were vastly destroyed in the 20 th century. Unfortunately, there are no historical records of S. echinosperma from these habitats in this region to corroborate its indigenous status here.
Even if the two morphotypes of S. echinosperma have probably evolved in different regions, they nearly complete vicariance is surprising. As the Bohemian populations of black-seeded S. echinosperma lie within the Elbe river catchment, one would expect their occurrence at the lower reaches of the Elbe too. This could be explained by different ecological adaptations of the morphotypes. The black-seeded morphotype may be adapted to the management of the South Bohemian fishponds where there is only a relatively short and unpredictable period of substrate exposure during the spring, which makes a strong selection pressure on shortening life cycle and the presence of primary seed dormancy (Šumberová et al. 2005) . In contrast, alluvial pools in river floodplains are usually exposed for a longer period in late summer and fall, and their water regime is more predictable probably relaxing existing selection pressures (Šumberová 2011) . Differences in seed dormancy may also be the direct cause of different seed morphology. Seeds of the blackseeded morphotype probably have thicker testa than those of the brown-seeded morphotype, which is a trait that is related to increased seed dormancy (Bewley et al. 2012) .
The absence of the black-seeded morphotype in the eastern part of the Czech Republic as well as the absence of the brown-seeded morphotype in south-western part of the Czech Republic are harder to explain as it is the same type of habitats, i.e. fishponds. This may be the result of dispersal limitation. As the majority of the populations of the blackseeded morphotype lie within a different drainage basin than do the populations of the brown-seeded morphotype, a limited diaspore exchange between the two regions seems logical. In addition, there may also exist some sort of environmental filtering. As far as we know, fishponds in the Bohemian-Moravian Highlands, where most of the Czech localities of the brown-seeded morphotype lie, are usually dried for a longer period than the South-Bohemian fishponds (K. Šumberová, pers. comm.) . This may create ecological conditions more similar to those of exposed substrates in river alluvia.
Clearly, further studies, including macrofossil analyses and the study of dormancy and germination biology, are needed to elucidate the evolution history of S. echinosperma. Partial insight should be provided by an ongoing genetic study (based on published microsatellite markers; Kúr et al. 2014) .
Based on the obvious geographic and ecological differentiation of the two morphotypes, as well as the morphological differences, their taxonomic treatment as separate subspecies seems justified. Since the type of S. echinosperma belongs to the black-seeded morphotype (deposited in the herbarium PR, No. 374981; Kúr et al. 2012) , we decided to describe the brown-seeded morphotype as the new subspecies.
Taxonomic treatment
Spergularia echinosperma (Čelak.) Ascherson & Graebner (1893: 517) subsp. echinosperma ≡ Spergularia rubra subsp. echinosperma Čelakovský (1881: 867) Lectotype (designated by Kúr et al. 2012: 921) Diagnosis:-Spergularia echinosperma subsp. albensis differs from S. echinosperma subsp. echinosperma in having seeds with brown to dark-brown testa. In addition, the subsp. albensis has, on average, shorter fruit pedicels, lower pedicel length / fruit length ratio and longer leaves than S. echinosperma subsp. echinosperma.
Etymology:-This subspecies is named after the river Elbe where it has its main center of distribution. Distribution and habitat:-Spergularia echinosperma subsp. albensis is currently known only from Germany and the Czech Republic. In Germany, it grows on exposed margins of alluvial pools and river banks of the Elbe, while in the Czech Republic it occurs on drained bottoms of fishponds and river reservoirs. We expect it to occur also in the neighboring countries (Austria, Slovakia, Poland). (2016), we propose treating the taxon as endangered [EN, B2b(iv) 
Taxonomic notes:-On the basis of recent phylogenetic analyses (Smissen et al. 2002 , Fior 2006 ) and the alleged lack of reliable discriminatory characters between the genera Spergularia and Spergula (López González 2010), some authors accept to merge them in a single genus (see e.g., López González 2010, Raab-Straube & Raus 2013). In our opinion, however, reliable arguments justifying the union of these two genera are still lacking as there has been no study focusing on the phylogeny and biosystematics of the Spergula/Spergularia clade yet. In addition, the genus Spergularia is accepted in most of the recent floras and checklists (e.g. Danihelka et al. 2012 , Goliašová 2012 , Peruzzi et al. 2015 , Kaplan et al. 2016 , Lorite 2016 , Villaseñor 2016 
